ABSTRACT This paper considers user cooperation and a pricing mechanism in a wireless-powered communication network (WPCN) in which two users harvest energy from a dedicated hybrid access point (H-AP), which has a constant power supply and acts as a power station during a downlink (DL). They also independently transmit their information to the H-AP [which acts as an information receiving station during an uplink (UL)] using the individually harvested energy. Based on the ''doubly near-far'' problem, this paper proposes a cooperative scheme among users in the WPCN. Compared with the source user (SU), the channel conditions for a helping user (HU), which is closer to the H-AP, is usually better for DL energy harvesting and for transmitting UL information. Thus, the HU can use its harvested energy to forward the SU's information to the H-AP. Furthermore, energy is usually scarce for each user in a WPCN; therefore, the HU is under no obligation to accept the SU's cooperative request and can choose to act selfishly to conserve resources. This paper presents a new pricing strategy to motivate the HU to sell its excess energy to help an SU complete a UL information transfer. Two transmission protocols are investigated: in the ideal case, the energy expenditure of the SU equals the energy used by the HU to relay information; in the normal case, the HU seeks additional profit. This paper formulates the SU's expenditures and relay data in the ideal case as an optimization problem. An investigation of relay placement and the SU communication mode selection problem are also discussed. The numerical results show that the proposed pricing strategy can significantly reduce the expected costs to the SU and improve the reliability of user UL communications in a WPCN.
I. INTRODUCTION
Energy harvesting has received widespread attention as a promising technology capable of overcoming the energy limitations of wireless networks. Many previous studies have proposed energy harvesting models [1] - [4] . In [5] , a typical wireless-powered communication network (WPCN) employed a hybrid access point (H-AP), which acts as a power station during a downlink (DL) to achieve wireless energy transfer (WET) and acts as an information receiver station during an uplink (UL). The WPCN was found to suffer from the ''doubly near-far'' problem, in which a user closer to the H-AP can harvest more energy during the DL and experiences better channel conditions than a user further away from the H-AP. In this situation, the distant user is affected by a doubled distance-dependent signal attenuation during both DL and UL. Moreover, energy shortages constrain distant users from transferring information during the wireless information transmission (WIT) phase.
One effective approach for saving energy in a WPCN is through cooperative communication. To improve the communication quality under energy shortages, [6] considered splitting the H-AP into energy nodes (ENs) and access points (APs), and reducing the energy shortage impact of the double near-far problem by optimizing the positions of the EN and AP.
Because interference alignment (IA) is a promising technology for interference management in wireless networks [7] , N. Zhao considered IA in wireless energy harvesting (WEH) networks [8] , [9] , and significantly improved WEH system performance. Furthermore, [10] and [11] considered the impact of correlated fading on secure communication of multiple amplify-and-forward (AF) relaying networks, [12] and [13] studied spectrum sharing in WEH, and [14] - [17] considered energy cooperation in a WEH network. Hyungsik Ju and Rui Zhang [18] investigated a two-user cooperation scheme to maximize throughput in a WPCN. However, a helping user (HU) must sacrifice energy and time to cooperate with a source user (SU) to achieve optimal system throughput. In addition, although incentive mechanisms have been used for other aspects of wireless communications (e.g., in [19] , [20] for optimizing wireless cooperative communications and in [21] to optimize relay selection), using an incentive strategy to improve cooperation in a WPCN for both simultaneous wireless information and power transfer (SWIPT) has not been considered in previous work [22] . Moreover, neither the utility of HUs nor the relay placement strategy adopted in the previous WEH cooperation system have yet been considered.
To further improve the WPCN user collaboration strategy and close this study gap, in this paper, we propose a new pricing incentive mechanism to encourage user cooperation in WPCNs and overcome the double near-far problem. The main contributions of this paper are summarized as follows:
• The strategy of cooperative transmission with pricing mechanism: In this paper, all data transmissions carry a charge based on the amount of energy consumption, and different prices apply to different users. Therefore, the SU should choose the option that best transmits the data at a minimal cost. Generally, HUs are selfish; therefore, an HU is willing to assist an SU only if it can benefit from the cooperation. We propose a new pricing mechanism to incentivize a UL user's cooperative communications in the WPCN. This mechanism not only enables a win-win situation but also enhances the reliability of the UL WIT phase.
• Relay placement optimization: We assume that unlike fixed-location WPCNs, HUs can move freely and that the locations of the SU and the H-AP are completely known. In this scenario, we consider minimizing the SU's cost by optimizing the HU's position while also satisfying the energy harvesting and WIT performance requirements of each user.
• The probability of successful cooperation with a benefit threshold: Unlike in the ideal case, the SU would pay only for the HU's forwarding costs. In a normal situation, the HU wants to profit from the cooperation process. This paper formulates the maximum price that an SU can pay to the HU as the ''benefit threshold'' and provides the probabilities of successful cooperation at different SU costs.
The remainder of this paper is organized as follows. Section II introduces the WPCN system model with two-user cooperation and discusses the transmission protocol under various situations. In Section III, based on a pricing strategy, the unit energy cost and the proposed transmission selection mode are described. Section IV discusses the distance constraint, relay placement optimization, and probability of successful cooperation. Section V presents the numerical results, and Section VI concludes the paper. 
II. SYSTEM MODEL
This paper considers a two-user WPCN as shown in Fig. 1 . It consists of one H-AP with a constant power supply and two fixed-location users. Without loss of generality, all user terminals are equipped with a rechargeable battery. Users harvest and store wireless energy transmitted by the H-AP in the DL and then use that harvested energy to support the WIT phase during UL through a time-division-multipleaccess (TDMA) approach.
The user closer to the H-AP represents the HU, while the user further away represents the SU. The distances between the H-AP and the HU and SU are R h and R s , respectively, and the distance between the two users is R sh . The channel coefficients are denoted as g s , g h and g sh .
Here, we adopt a simplified channel model that has been widely used in many classical models of WPCNs [5] , [10] . The channel model incorporates small-scale Rayleigh fading and large-scale power attenuation using the loss exponent α > 2.
Then, the channel gain g k , k ∈ κ, κ = {s, h, sh} is expressed as follows:
is an independent and identically distributed (i.i.d) circularly symmetric complex Gaussian (CSCG) random variable with a zero mean and unit variance modeling the small-scale Rayleigh fading, and G 0 is the constant attenuation because of the path loss at a reference distance R 0 . Moreover, the reference distance is the critical point of the largescale log-distance path loss and small-scale Rayleigh fading. R 0 , is derived from numerous experiments under general conditions and is normally set as R 0 = 1m. Here, h k ∼ exp (1) is an exponential random variable with unit mean modeling. The power envelope of Rayleigh fading, α, denotes the path-loss exponent. During the DL phase, the WPCN works in the WET mode. The amount of energy harvested by each user can be expressed as follows [14] :
where 0 < η i < 1 denotes the energy harvesting efficiency, P 0 is the average transmission power of the H-AP, T denotes the transmission period of the WPCN, and τ represents the proportion of time that the WPCN remains in the WET phase. The range of τ is 0 < τ < T , but it was normalized to T = 1 for convenience in the subsequent calculations. Therefore, the proportion of time that the WPCN remained in the WIT phase was 1 − τ . For simplicity, this paper considers a time-slotted system in which message symbols are transmitted in each time slot and the number of symbols transmitted per time slot is normalized to unity. When users initiate data transmissions, the sent messages are part of the set 1, 2, · · · , 2 D i and the transmitted rate in bits per symbol is defined as D i . Energy consumption during wireless information transfer is denoted as E i = P i (T − τ ), i ∈ {s, h} and P i is defined as the available transmission power of each user's terminal. Without a loss of generality, we also normalize the duration of one symbol time so that energy and power can be used interchangeably in this paper as
(1−τ ) , i ∈ {s, h}. Then, if the achievable data rate D i is normalized by the available bandwidth of each user, the achievable data rate (normalized) for each user in bits/sec/Hz (bps/Hz) for a given transmission energy per symbol E is D i = log 2 
(1−τ )σ 2 and the power of noise at the H-AP receiver is defined as σ 2 .
To complete a user's UL wireless information transfer at data rate D, the SU can select a transmission mode from the following strategies.
A. DIRECT TRANSMISSION MODE (DT MODE)
An SU working in DT mode transmits information directly to the H-AP via the UL; therefore, according to
(1−τ )σ 2 , the energy consumption of an SU in DT Mode can be expressed as follows:
where D represents the SU's transmission rate, and D min is the minimum transmission rate that the SU requires. The SU will choose this mode only when the energy it has harvested exceeds the expected energy cost of the DT mode; otherwise, the SU will seek collaborative cooperation.
B. COOPERATIVE TRANSMISSION MODE (CT MODE)
This subsection considers full cooperation under conditions with complete information, where the private information of HU, including the channel coefficients, the distances between the HU, the SU and the H-AP, the energy harvesting efficiency and the HU's utility in the cooperation process are known by the SU. This case can occur in a real network when the SU shows a high credit level when seeking cooperation.
The distance between the SU and HU is R sh . The HU acts as a relay for the SU and sends data to the H-AP. As shown in Fig. 1 , the SU's transmission can be divided into two possibilities: D s is directly transmitted to the H-AP by the SU and D h is forwarded to the H-AP using the HU as a relay.
The sum energy consumption of the SU in the CT mode is:
The energy consumed by the HU when forwarding the SU's data can be expressed as follows:
In this mode, the SU uses the received energy to send data to the H-AP and the HU and allocates data at a ratio between D s and D h to minimize its energy cost.
C. TRANSMISSION PROTOCOL
The WPCN cooperative communication protocol with a pricing mechanism is shown in Fig. 2 . The steps are as follows.
• When the SU receives energy and has data to be transmitted, it compares the energy costs of the two different transmission modes. If the energy cost of the DT mode is too high, the SU will seek help from the HU to forward some of the data.
• However, because the HU is not obliged to assist the SU in relaying data, the SU should submit the size of its relay data and related information to the HU. Generally, the payment offered by the SU must exceed the HU's cost of forwarding the SU's information. The CT mode works only when the HU is willing to help the SU and accepts the payment. • The SU completes the communication; then, the WPCN enters the next cycle.
In the above transmission protocol, the key is to use the pricing mechanism to motivate the HU to participate in the cooperation process. The pricing mechanism will be described in detail in the next section.
III. UNIT ENERGY COST AND MODE SELECTION IN THE PRICING MECHANISM
To motivate the HU to participate in the cooperation, the SU will pay the price π to the HU in the form of money or credit in a multimedia application as remuneration for forwarding data at rate D h . Based on advances in current payment technology, the energy consumption of communication during the payment negotiation can be ignored and will not affect the relay process.
The energy cost of the H-AP can be expressed as follows:
where ζ 0 represents the unit energy cost of the H-AP and P 0 is the average transmit power of the H-AP. The relationship between a user's unit energy cost and energy harvested level in (2) follows a linear function:
The design of function (7) is reasonable because the user will place more value on energy when facing low energy reserves, and the energy consumption of the H-AP is used as a reference.
As remuneration for the HU-forwarded data D h , the price π of the SU payment is
Therefore, the utility of the HU in the cooperative process is ε = π CT − ζ h E CT h , where ζ h is the unit energy cost as defined in (7) and E CT h is the energy consumption required by the HU to forward the transmission at data rate D h as defined in (5). User cooperation is achieved when the condition ε ≥ 0 is met, and the utility of the HU's cooperation can be defined as follows:
When π − ζ h E CT h = 0, the SU is working in the ideal cooperative transmission (ICT) mode; the price of the SU payment is π ICT = ζ h E CT h and the SU's expected cost is as follows:
To minimize the sum energy cost of the SU in the ICT mode, the problem can be expressed as follows:
Then, to perform mode selection, the SU compares the energy consumed by the DT and ICT modes. If the energy cost of the DT mode is greater than the total energy cost of the ICT mode plus the cost reduction threshold of the SU, denoted by γ , which accounts for the cooperative communications overhead such as signal processing and signaling, the SU will choose the ICT mode for CT. The mode selection criteria can be expressed as follows:
Although C * ICT is the optimal solution of the expected cost problem (P1), it can be regarded as a convex optimization problem that can be solved using the following steps:
The optimal relay data rate transmitted by the HU in problem (P1) can be determined as follows:
Proof of proposition 1: The function of the expected cost in the ICT mode can be determined as follows:
First, we take the first-order derivative of Equation (14) with respect to D h and obtain the following:
Then, by setting Equation (15) to zero, the stationary point of the objective function in the given range is:
Finally, we discuss the optimal solution in the region of [0, D] for the following 3 cases.
• If D h ∈ (−∞, 0], the sum cost of the ICT mode increases monotonically within the region of (0, D]; therefore, the optimal solution is D * h = 0. ) .
• If D h ∈ (0, +∞), the sum cost of ICT mode decreases monotonically within the region of (0, D]; therefore, the optimal solution is D * h = D. This completes the proof of Proposition 1. This section discussed how to determine the optimal CT data rate of an SU and the SU's lowest expected cost in the ICT mode. The next section presents the constraint distance between the HU and SU and the probability of successful cooperation to ensure reliable communications among WPCN users.
IV. RELAY PLACEMENT RESEARCH AND SUCCESSFUL COOPERATION PROBABILITY A. DISTANCE CONSTRAINT
In the previous section, the approach for selecting either the DT or CT transmission modes was studied by comparing the energy cost of each mode. -However, to ensure the stability of data transmission, the energy cost incurred by the SU when relaying data to the HU should also be considered. This energy consumption is closely related to the distance between the SU and the HU. If the distance R s is too large, then the SU cannot work in DT mode; and if the distance R sh exceeds a certain range, then the SU cannot use the harvested energy to forward data to the HU either, causing the SU to fail to work in CT mode.
Obviously, if the SU wants to communicate in DT mode, the harvested energy must satisfy the inequality E S − E DT S > 0. Thus, the distance constraint between the SU and H-AP in DT mode can be interpreted as follows:
Similarly, the distance constraints between the SU and HU and between the HU and H-AP in CT mode are as follows:
Furthermore, (17), (18-a) and (18-b) can be regarded as the restrictive inequalities for R s , R sh and R h . The maximum distance between the SU and H-AP in DT mode can be expressed as follows:
When condition R s < R DT s is satisfied, then the harvested energy, E S is sufficient to support the energy consumption and complete the SU communication in DT mode.
When an SU wants to choose CT mode, the maximum distance between the SU and HU or the HU and H-AP can be respectively expressed as follows:
Similar to the prerequisites for selecting the DT mode, if R sh < R CT sh and R h < R CT h , then the SU can relay its information to the HU, the HU can forward the SU's data to the H-AP, and the SU can elect to use the CT mode. Moreover, when R s < R DT s , R sh < R CT sh and R h < R CT h , the SU can select the optimal transmission scheme, DT or CT mode, to reduce its communication costs. However, when R s > R DT s , R sh < R CT sh and R h < R CT h , the SU can only select the CT mode to transmit information. In addition, when R s > R DT s , R sh > R CT sh and R h > R CT h , the SU cannot directly transfer information to the H-AP or forward information to the HU. Thus, under this condition, the SU's communication cannot be guaranteed. 
B. RELAY PLACEMENT OPTIMIZATION
Next, we study the relay placement optimization problem for the scenario shown in Fig. 3 , in which the HU can be deployed anywhere in a two-dimensional Cartesian coordinate system. The locations of the SU and H-AP are fixed and known. In this scenario, it can be inferred from (1) that when the distance between each terminal satisfies R k ≥ R 0 , channel gain will occur in the large-scale power attenuation. The HU can adjust its position to alter the effective channel from the SU to the HU and from the HU to the H-AP-that is, the SU may be more willing to offer the price to an HU in the optimal location; consequently, the HU can move to the optimal point and then begin cooperating. Assuming that the height of each user can be ignored and that the height of the H-AP is a constant denoted as Z, the distances between the SU and the HU, the SU and the H-AP, and the HU and the H-AP can be
Then, the channel gain between each terminal can be expressed as g * sh = h sh G 0 (
) −α , respectively, whereḡ * s is a constant if the transmission rate for the CT and DT modes is known. Then, the SU's cost optimization problem is as follows:
Obviously, P2 is a monotonically increasing function of R * sh because the distance constraint in CT mode yields (21-a) and (21-b) ; therefore, the optimal solution for the HU's placement can be described as follows:
C. PROBABILITY OF SUCCESSFUL COOPERATION
In Section III, the cost of the SU payments in ICT mode was given as π − ζ h E CT h = 0; however, in a normal social situation, free service does not occur. Therefore, the HU must obtain some benefit from the cooperation. The premise of successful cooperation between the SU and HU is as follows:
The expected profit of the HU is denoted as ε. The SU should offer payment to the HU at π = ζ h E CT h + ε, and the relay data rate D h ∼ µ (0, D) is known to the SU as a uniform distribution. This process is called the normal cooperative transmission (NCT) mode and the probability of successful cooperation can be expressed as follows:
Although the maximum pricing that the SU can offer to the HU is π threshold = ζ s E DT S − ζ s E CT S , in reality, the SU should pay a higher price to maximize the probability of a successful connection:
If the price that the SU submits to the HU is π * = ζ S E DT s + ε, the probability of successful cooperation will reach 100%, which means that the HU will comply with the SU's request to forward information.
To ensure a win-win cooperation between the SU and HU, the SU's payment, π, should meet the following restrictions:
where the benefit threshold π threshold = ζ s E DT S −ζ s E CT S is the maximum cost reduction of the SU when comparing the DT and CT modes, and the HU has a reservation utility of ε ≥ 0 for accepting the request. Furthermore, the feasibility of the CT mode ε ≤ ζ s E DT S must be satisfied. Considering the increased utilities incurred by the HU during cooperation and the cost reduction to the SU, if π does not meet the constraint ε ≤ π , then the HU will refuse the request for cooperation, and if π ≥ ζ s E DT S − ζ s E CT S , then the cost to the SU will be higher than the expected cost. Moreover, π will be higher than the benefit threshold π threshold if and only if the SU's harvested energy is insufficient for the DT mode.
V. NUMERICAL SIMULATION RESULTS
In this section, we investigated the performance of different transmission modes in a WPCN with a pricing mechanism. To ensure the reliability of the results, several influencing factors are considered in the simulation process, including the distance between each device and the expected extra benefits to the HU. Assume that the channel is a path loss channel with loss exponent of α = 3.
We assume that the distances between the SU and H-AP, the HU and H-AP, and the SU and HU are R s = 5m, R h = 10m and R sh = 5m, respectively, and that the reference distance is R 0 = 1m. The user's energy harvesting efficiency is η = 0.75, the power of noise is σ 2 = −60dbm, the transmission period of the WPCN is T = 1, and the time occupied by the WET stage is τ = 0.25s. 4 compares the expected cost of the SU under the DT and CT modes at different transmission data rates. Assuming that in CT mode the information relayed by the SU to the HU will be transmitted at the optimal data rate D * h (presented in (12) ) and that the additional remuneration required by the HU is ε = 0, then the SU's CT mode is equivalent to the ICT mode. The simulation results show that the performance of our proposed cooperative communication and pricing scheme is significantly better than that of the DT scheme. Moreover, the higher the transmission data rate of the SU is, the greater the performance advantage of cooperative communication is, because the unit energy cost of the HU is lower than that of the SU; therefore, relaying more data through the HU can reduce the overall cost to the SU.
The collected energy of each user is related to the distance between the users and the H-AP. In Fig. 5 , the harvested energy of the SU is compared with the energy requirement of the SU in DT mode using different values of R s . In addition, the simulation results show the energy cost in CT mode at R s = 5m for different values of R sh . When the distance between the SU and H-AP satisfies R s < R DT s , E S > E DT S , then the SU can use harvested energy to complete the UL's WIT phase through DT mode. Fig. 5 shows the distance constraints of the SU in CT and DT mode. If the distance between the SU and H-AP does not satisfy the condition R S < R DT S or the energy consumption in DT mode exceeds the expected cost value, then the SU will send the cooperation request to an HU at a distance when R sh < R CT sh . Assume that the HU moves freely in a two-dimensional Cartesian coordinate system while the SU and H-AP are fixed at the coordinates (0, 0) and (100,100), respectively. As shown in Fig. 6 , the scope of R sh under the distance constraint is included within a radius of R CT sh meters around the position of the SU; similarly, the scope of R h is included in the circle centered at the H-AP with a radius of R CT h . The SU can only complete the information transmission in CT mode when the HU's situation satisfies R sh < R CT sh and R h < R CT h . As in Fig. 6 , cooperation can be considered successful when the HU occupies the overlapping region between the two circles.
As shown in Fig. 6 , we suppose that the HU range freely in the scope of the overlapping areas of two circles, where R sh < R CT sh and R h < R CT h .Under this setup, we further show the SU's expected cost for different relay placement cases in Fig. 7 . By calculating the SU's consumption for different HU positions, we can prove that our optimal relay placement strategy is feasible. It should be noted that our analysis can be extended to a multi-relay selection problem; an SU can quickly compare collaborative consumption through the current HU locations to serve as a reference for relay selection. The SU achieves the minimum cost when the HU's location satisfies Equation (22) Finally, for the probability distribution function, the benefit threshold of the SU and a successful connection in NCT mode are shown in Fig. 8 as a function of the offered price. If the price is below the SU's benefit threshold, then the total cost of the SU will work as expected; however, if the price is larger than the benefit threshold, the SU should evaluate its energy condition before making further decisions.
When the offered price reaches the expected profit of the HU, the probability of successful cooperation will be higher than the probability at lower-priced conditions.
VI. CONCLUSIONS AND FUTURE WORK
This paper aims to solve the problem of the double near-far phenomenon in WPCNs. By considering an optimal pricing scheme and a CT protocol, users who experience this problem can optimize their transmissions by using this strategy.
First, given each unit's energy cost, we propose an option for the pricing mechanism within the selected transmission mode (DT or CT mode).
Second, to identify the minimum transmission cost, after calculating each mode's expected cost, the SU is found to present the optimal relay data rate. The SU harvests energy from the H-AP. Under the same distance constraint, we compare the energy cost of the CT and DT modes, and the results indicate that the DT mode works when R s < R DT s while the CT mode works when R sh < R CT sh , R h < R CT h . Moreover, the minimum transmission cost in CT mode is determined by the optimal location of the HU.
Finally, we propose that the HU can obtain additional profit from cooperating under a normal CT mode situation. Under this condition, we show the results of different offer prices based on the possibility of successful cooperation among users. The CT mode with a pricing mechanism was compared with the DT mode, and the numerical results clearly show that the former can save energy. Moreover, users can autonomously select practical and energy-saving wireless communications through the cooperative pricing mechanism.
In this paper, we propose a system that considers only SUs and HUs a WPCN. In future work, multi-user scenarios will be considered. However, such scenarios may cause problems. First, the time allocation and power control for multiple users in a WPCN requires the maximization of energy efficiency, which is a complex-valued optimization problem. Then, the cost to SUs to request that an HU become a relay point, which was discussed in this paper, is related to the user's energy harvesting condition. Moreover, the cost related to bandwidth would represent an interesting focus of future work. Finally, the multiple relay selection problem should be considered. For instance, to maximize profit, one HU would compete with other cooperative candidates regarding relay time and payment, which represents a challenging task worthy of further study.
